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率提升至每波长 25 点甚至 60 点。时域有限差分方法中的阶梯误差，极大地影响
了正演模拟的精度，从而迫使程序的采样率、运行时间被大规模地增加了。 































































Forward modelling of elastic wave is important and indispensable in seismology, 
and the accuracy and speed often directly determine the accuracy and speed of 
geophysical prospecting. In actual applications of geophysical prospecting, such as oil 
exploration and natural disasters prediction, the running speed needs to be high 
enough, because of the huge size of the research object. Finite-difference time-domain 
(FDTD) method is a robust, flexible and effective simulation tool in seismology, and 
has been developed and applied extensively with great success. Staggered-grid FDTD 
method is highly parallel, thus increasing the amount of CPU or GPU can get efficient 
speed. However, the FDTD algorithm is based on a structured grid in Cartesian or 
cylindrical coordinates, which is difficult to generate meshes exactly matching with a 
curved ground surface. A staircase approximation is usually used in this situation.  
When treating a curved free boundary such as the ground surface, it will require at 
least 25 points per wavelength (PPW) and even up to 60 PPW. The staircasing error 
from the FDTD greatly influences the accuracy of forward modelling, as a result, 
increases the sampling rate and run time dramatically. 
Large staircasing error from the FDTD is the subject of this work. In this work, a 
stable and accurate staggered-grid FDTD method for elastic wave modelling on a 
curved free surface is presented based on the enlarged cell technique (ECT) and finite 
volume method, and the method is derived and implemented from 2-D and 3-D elastic 
wave equations, respectively.  
The reason of staircasing error is that the FDTD is difficult to generate meshes 
exactly matching with a curved free surface. From the momentum equation of elastic 
wave, the stress-velocity relation of 2-D and 3-D problem was deduced in detail near 
the free surface boundary. Using the traction conditions of free surface boundary and 
finite volume method, the computational domain can conformal with the surface 















the boundary, the time step increment may have to be reduced to maintain the stability 
of the algorithm. 
To overcome the time step increment reduction problem encountered in the finite 
volume method, we introduced the ECT so that the time step increment can be the 
same as the conventional FDTD method. Without the ECT, if the time step increment 
is set to the time step of conventional FDTD method, some irregular cells may be 
unstable, which can cause the whole program unstable. The presented ECT enlarges 
one or more unstable cells into stable cells, while preserve the stability of the enlarged 
stable cells. It is proved in this work that the force is conserved after the cell 
enlargement. 
This method is verified by several numerical examples. Results show that the 
method is stable with sufficient accuracy at the Courant stability limit for a regular 
FDTD grid and at a relatively low sampling density, when treating rough ground 
surface. The 2-D ECT can achieve the same or better accuracy with almost half the 
sampling density in the conventional FDTD method, and the 3-D ECT can achieve the 
same or better accuracy with almost one quarter of the sampling density in the 
conventional FDTD method. 
The innovation of this paper is as follow: when treating curved free surface 
boundary condition, the finite volume method is introduced and a conformal 
algorithm is presented. The computational domain can be divided into independent 
control volume, which can deal with arbitrary-shaped free surface boundary. To 
overcome the stability problem, the ECT is introduced. At the same sampling density, 
the proposed method can achieve higher accuracy than the conventional 
staggered-grid FDTD method. The grid can be calculated easily, without the help of 
additional meshing tools. The method only need to modify velocity components near 
the free surface, and extrapolate relative veloc ity components, without any additional 
auxiliary points, which means the data structure and parallel feature of conventional 
staggered-grid FDTD can be fully inherited by ECT. 
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第 1章   绪论 
1 
第1章   绪论  
本章首先将介绍本论文的研究背景和意义，在此之后将进一步阐述国内外的
研究现状和进展，本章的最后将介绍本论文的研究内容和创新点。 












































































Method , BIM）或边界元法（Boundary Element Method , BEM），有限元法（Finite 
Element Method, FEM），谱元法（Spectral-Element Method, SEM），伪谱方法
（Pseudospectral Method, PSM），多区域伪谱时域法（Pseudospectral Time-Domain 
Method, PSTD），间断伽辽金法（Discontinuous-Galerkin, DG）和有限差分方法
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